Muscle activity contributes to formation of the neuromuscular junction and affects muscle metabolism and contractile properties through regulated gene expression. However, the mechanisms coordinating these diverse activity-regulated processes remain poorly characterized. Recently, it was reported that histone deacetylase 4 (HDAC4) can mediate denervation-induced myogenin and nicotinic acetylcholine receptor gene expression. Here, we report that HDAC4 is not only necessary for denervation-dependent induction of genes involved in synaptogenesis (nicotinic acetylcholine receptor and muscle-specific receptor tyrosine kinase) but also for denervation-dependent suppression of genes involved in glycolysis (muscle-specific enolase and phosphofructokinase). In addition, HDAC4 differentially regulates genes involved in muscle fiber type specification by inducing myosin heavy chain IIA and suppressing myosin heavy chain IIB. Consistent with these regulated gene profiles, HDAC4 is enriched in fast oxidative fibers of innervated tibialis anterior muscle and HDAC4 knockdown enhances glycolysis in cultured myotubes. HDAC4 mediates gene induction indirectly by suppressing the expression of Dach2 and MITR that function as myogenin gene corepressors. In contrast, HDAC4 is directly recruited to myocyte enhancer factor 2 sites within target promoters to mediate gene suppression. Finally, we discovered an HDAC4/myogenin positive feedback loop that coordinates gene induction and repression underlying muscle phenotypic changes after muscle denervation.
INTRODUCTION
Skeletal muscle is composed of a spectrum of fiber types with different structural and functional properties. The composition of myosin heavy chain (MHC) isoforms specifies muscle contractile properties. In rodents, MHC IIa, IIb, or both are enriched in fast twitch fibers, whereas MHC I is enriched in slow twitch fibers. These fibers also express different enzymes that result in fiber type-specific metabolic properties. Type IIb fibers are rich in glycolytic enzymes, whereas type I and IIa fibers are rich in enzymes necessary for oxidative metabolism. The extent to which a fiber is glycolytic or oxidative is largely determined by the activity pattern of its innervating motor neuron (Gundersen et al., 1988) . Nerve activity also plays a crucial role in maintaining muscle mass (Jackman and Kandarian, 2004) and in shaping the formation of the neuromuscular junction (NMJ) (Sunesen and Changeux, 2003; Kummer et al., 2006) . Although many of the genes contributing to muscle fiber phenotype are regulated by muscle activity, not all are regulated in the same direction. For example, in the fast tibialis anterior (TA) muscle some genes, such as those encoding the MyoD family of basic helix-loop-helix transcription factors, and synaptic components such as nicotinic acetylcholine receptors (nAChRs) and muscle-specific kinase (MuSK) are induced (Goldman et al., 1985 (Goldman et al., , 1986 Eftimie et al., 1991; Dutton et al., 1993; , whereas other genes, such as those encoding muscle-specific enolase (MSE), phosphofructose kinase (PFK), and MHC IIb, are suppressed after muscle denervation (Huey and Bodine, 1998; Nozais et al., 1999; Tang et al., 2000; Raffaello et al., 2006) . Interestingly, in contrast to denervation-dependent MHC IIb mRNA suppression in fast TA muscle (Huey and Bodine, 1998) , muscle inactivity induces its expression in the slow soleus muscle (Pandorf et al., 2006) , suggesting muscle fiber-type-specific regulation.
A key molecule mediating denervation-dependent nAChR and MuSK gene regulation is myogenin (Mgn), a member of the basic helix-loop-helix family of transcription factors, whose expression is regulated by muscle depolarization . Muscle denervation induces Mgn gene This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -07-0759) on December 24, 2008. expression, and this induction requires histone deacetylase (HDAC) activity . HDAC activity serves to relieve Mgn gene inhibition by suppressing expression of Dach2, a Mgn gene corepressor whose levels are high in innervated muscle and low in denervated muscle . Dach2 repression after muscle denervation seems to be mediated, in part, via HDAC4 expression (Cohen et al., 2007) . In addition, the HDAC9 splice variant MITR is also induced in innervated muscle and contributes to activity-dependent Mgn suppression by functioning as a corepressor in a complex with the myocyte enhancer factor (MEF) 2 transcription factor (Méjat et al., 2005) . These two deacetylases (HDAC4 and -9) belong to a subgroup of class II HDACs that include HDAC5 and -7 (Khochbin et al., 2001; Verdin et al., 2003; Yang and Seto, 2008) . Although the mechanisms underlying activity-dependent gene regulation in muscle are emerging (Chin et al., 1998; Liu et al., 2005; Méjat et al., 2005; , relatively little is known about how the muscle is able to coordinate activity-dependent gene induction and gene suppression.
Here, we report that HDAC4 is induced in denervated TA muscle and is not only necessary for the denervation-dependent induction of Mgn and synaptic protein gene expression but also for the denervation-dependent suppression of genes involved in glycolytic metabolism and fiber-type specification. Investigation of the mechanisms underlying HDAC4-dependent gene regulation showed that HDAC4 mediates gene repression by recruitment to MEF2 sites in the promoters of repressed genes, whereas HDAC4 indirectly contributes to gene induction by coordinately inhibiting the expression of the Mgn gene corepressors Dach2 and MITR. Consistent with its role in regulating the expression of genes involved in muscle metabolism, we found that HDAC4 is preferentially enriched in myonuclei of fast oxidative fibers in innervated muscle and its knockdown in myotubes enhances glycolysis. Finally, we found that HDAC4 and Mgn positively regulate each other's expression to allow maintenance and coordination of gene activation and repression after muscle denervation.
MATERIALS AND METHODS

Plasmids, Cells, and Reporter Gene Assay
Plasmids pCS2:green fluorescent protein (GFP) and pCS2:␤-galactosidase (␤-gal) were gifts from D. Turner (University of Michigan, Ann Arbor, MI) and pmU6:MgnshRNA (myogenin-targeting short hairpin RNA [shRNA] under control of the mouse U6 promoter) were described previously (Tang et al., 2004) . pcDNA3:HDAC4-GFP was a gift from T. Kouzarides (Gurdon Institute, Cambridge, United Kingdom), pcDNA3.1-HDAC4:3SA was described previously (Wang et al., 2000) , pEGFPN1-HDAC6-GFP was a gift from F. Sánchez-Madrid (Universidad Autó noma de Madrid, Madrid, Spain). The human 1.6-kb HDAC4 promoter (NT 022173) was cloned into the HindIII/ XhoI sites of pXP2 luciferase reporter vector by using genomic DNA from human embryonic kidney (HEK) 239 cell line with primers 5Ј-CTGC-CAAGCTTACAGGTGTTCCAGAATACCTAG and 5Ј-ATCCGCTCGAGT-GCTAGCAGCGTCAGTGCCTT. The mouse 1.7-kb MSE promoter (NT 096135) was cloned into HindIII/BamH I sites of pXP2 by using genomic DNA from C2C12 cells with primers 5Ј-TTTTTACAAGCTTGCGCTC-GAGAGCCGGCC and 5Ј-GAGGAAAGATCTGGCTGCACCACAG-GAGATGTG. The MEF2 mutation in the MSE promoter was generated by polymerase chain reaction (PCR)-directed mutagenesis with primer 5Ј-ATGGGGTATGTTTAGCTCCAGCA (single base [T to G] change in underlined MEF2 site). C2C12 cells were cultured in DMEM, 10% fetal bovine serum with 5% CO 2 . Primary muscle cultures were prepared as described previously (Tang et al., 2004) and cultured on collagen-coated dishes in DMEM, 10% horse serum, 10% fetal bovine serum, and 5% CO 2 . Muscle cells were induced to differentiate at ϳ80% confluence by dropping the serum concentration to 5% horse serum. HEK293 cells were cultured in DMEM, 10% fetal bovine serum, and 5% CO 2 . Cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cultured muscle cells were observed using an inverted DMIL fluorescent microscope (Leica Microsystems, Deerfield, IL) equipped with a 40 ϫ 0.5 numerical aperture (NA) objective and a MagnFIRE SP digital camera.
Animals and Muscle Denervation
All animal studies were approved by the University of Michigan Committee on Use and Care of Animals. Dach2 null and myogenin (Mgn) conditional knockout mice were described previously (Davis et al., 2006; Knapp et al., 2006) . To induce recombination in Mgn conditional knockout mice, 1 mg of tamoxifen suspended in sunflower oil was injected intraperitoneally into adult mice for five consecutive days followed by a 2-d rest and then repeated. For all muscle denervation experiments, mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). For TA and soleus muscle denervation, fur covering the lower back to proximal thigh was removed, the region was swabbed with Betadine, and a small posterolateral cutaneous incision (ϳ1-2 cm) was made beginning at the approximate region of the sciatic notch. The superficial facia was cut and the hamstring, and gluteal muscles were separated bluntly. With the sciatic nerve exposed, a 1-cm-long section was removed and the incision closed with wound clips. For experiments investigating the in vivo effects of HDAC inhibitors and mithramycin on gene expression, we used innervated and denervated sternomastoid muscle because it sits in a bed of tissue that allows one to apply drugs that pool over the muscle and not readily escape into the surrounding tissue. To denervate the sternomastoid muscle, anesthetized mice were shaved around the neck, and the skin was swabbed with Betadine. A midline incision was made from the apex of the mandible to the sternal notch. The ventral surface of the sternomastoid muscle was exposed and unilaterally denervated by removing a 2-mm section of the sternomastoid nerve while viewing under a dissecting microscope. Animals were kept warm on a heating pad to maintain body temperature, and the anesthetic plane was maintained, over a period of 12 h, by intraperitoneal injection of one third of the initial dose of anesthetic every 2 h. HDAC inhibitor trichostatin A (TSA; 5 M), mithromycin (100 M), or vehicle (0.9% NaCl, 0.1% dimethyl sulfoxide [DMSO] ) were applied directly to the innervated and denervated muscles in 0.5-ml volume every 2 h to maintain constant drug exposure. Muscles were then harvested for quantification of gene expression by using real-time PCR and primers listed in Table 1 .
Tissue Staining and Western Blots
Dissected muscle was embedded in OCT, quickly frozen in dry ice-isopentane, and sectioned to 10 m in thickness by using a cryostat. Immunohistochemistry was performed using standard conditions. Antibody dilutions were as follows: anti-HDAC4, 1:200 dilution for immunocytochemistry and 1:1000 for Western blot; anti-sarcomere myosin (MF20, hybridoma supernatant), 1:100 for Western blot; anti-cytochrome c oxidase subunit 1 (COX1; a gift from Dr. Steve Lentz, University of Michigan), 1:100; anti-laminin (hybridoma supernatant), 1:50; anti-myc (hybridoma supernatant), 1:50; and anti-myogenin antibody (ascites), 1:1000. The latter three antibodies were purchased from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Secondary antibodies included anti-rabbit cyanine 3 (1:500; Invitrogen) and anti-rabbit biotin (1:200; Sigma-Aldrich, St. Louis, MO). Neuromuscular junctions were visualized by staining nAChRs with ␣-bungarotoxin (SigmaAldrich). Succinate dehydrogenase (SDH) staining was performed by incubating fresh muscle tissue sections in 0.1 M phosphate buffer, pH 7.6, 5 mM EDTA, pH 8.0, 1 mM KCN, 21.8 mg/ml sodium succinate, and 1.24 mg/ml nitroblue tetrazolium for 20 min at room temperature. Sections were then rinsed, dehydrated, and mounted before microscopic visualization. Sections were observed using an Axiophot microscope (Carl Zeiss, Thornwood, NY) equipped with fluorescence optics and a 10 ϫ 0.3 NA objective ( Figure 5A ), a 40 ϫ 0.85 NA objective (Figures 5, and 6A) , or a 100 ϫ 1.3 NA oil immersion objective. A Sony digital camera was used to capture images with Digital Acquire software (Optronics, Goleta, CA). Neuromuscular junctions were sometimes observed using a FluoView FV1000 confocal imaging system (Olympus, Tokyo, Japan) by using 60 ϫ 1.2 NA water immersion objective ( Figure 5D ). Confocal images were acquired with FV10-ASW 1.7 software (Olympus). Standard procedures were used for Western blotting.
Muscle Electroporation and RNA Analysis
Stealth siRNA (Invitrogen) or plasmid DNA was delivered into TA muscle by electroporation as described previously . Briefly, TA or soleus muscle was injected with 20 l of solution containing 2-5 g of pCS2EGFP plasmid for identifying electroporated fibers and stealth siRNA (Invitrogen) (160 pM) targeting either HDAC4, MITR, Mgn, or a control small interfering RNA (siRNA). At least two different siRNAs targeting different sequences were used for each gene-specific knockdown to ensure results were not due to off-target effects of siRNAs. Control siRNAs have a similar GC content as the experimental siRNA but do not target any known gene. The molar ratio of stealth siRNA to enhanced green fluorescent protein (EGFP) plasmid was Ͼ500-fold so as to ensure all GFP ϩ fibers harbor siRNA. Nucleic acid uptake was facilitated by placing electrodes, coated with ultrasound transmission gel, on either side of the leg and using a BTX square wave electroporator to deliver six pulses of 140 V/cm of 60-ms duration with an interval of 100 ms. Animals were allowed to recover 12 d before denervation or isolation of electroporated/GFP ϩ fibers by using a stereomicroscope equipped with fluorescence optics. A 12-d postelectroporation recovery ensures muscle fibers had recovered from any electroporation-induced damage as determined by anatomy and gene expression (Bertrand et al., 2003; Golzio et al., 2005; Méjat et al., 2005; Sadasivam et al., 2005; . In some experiments, we first denervated the lower hindlimb muscles and then 9 d later we electroporated the TA muscle with siRNAs before harvesting electroporated muscle 14 -15 d after denervation. Both denervation/electroporation regimens gave essentially identical results. GFP ϩ fibers were dissected in ice-cold phosphate-buffered saline (PBS) and then immediately lysed in TRIzol (Invitrogen) for RNA isolation. This process takes ϳ10 -20 min. RNA was reverse transcribed with oligo(dT) primer and SuperScript II (Invitrogen), and 1/20 of the cDNA mixture served as template for PCR reactions. Realtime PCR was performed on a iCycler (Bio-Rad, Hercules, CA) by using SYBR Green SuperMix (Bio-Rad). Radioactive PCR was performed using [␣- 32 P]dCTP to spike the reaction mix. Radiolabeled products were separated on 6% polyacrylamide gels and visualized by exposure of dried gels to x-ray film. Stealth siRNAs targeted the following sequences: HDAC4 2#, CCACA-CACUCCUCUACGGCACAAAU; HDAC4 3#, CCGUGUAAACCACU-CAACUCAUCUU; HDAC6 2#, AAAGUUGGCACCUUCACGGUGCAGA; HDAC6 3#, ACUAGGGUCAUCCUCAAAUAUGUGC; MITR 1#, CAACU-UGAAGGUGCGGUCCAGGUUA; and MITR 3#, GGAAAUACAGCU-UGUUCAUUCUGAA; siRNAs targeting Mgn were described previously (Macpherson et al., 2006) . Primers for amplifying specific RNAs are shown in Table 1 .
Chromatin Immunoprecipitation (ChIP)
ChIP assay kit (Millipore, Billerica, MA) was used for ChIP analysis according to manufacturer's directions with the following modifications. Denervated muscle, electroporated with either a myc-tagged HDAC4 expression vector or an empty myc-tag expression vector, were dissected, frozen in liquid nitrogen, and finely ground with a mortar and pestle. Samples were thawed on ice and fixed in 1% paraformaldehyde/PBS for 20 min and then quenched with 0.125 M glycine. After three washes with ice-cold PBS, cells were lysed using an SDS lysis buffer, and the chromatin was sheared with a sonicator to generate chromatin fragments of ϳ400 -800 base pairs. Antibody binding and washes were based on methods recommended by Millipore ChIP protocol. Anti-HDAC4 or anti-myc antibodies were used to immunoprecipitate the HDAC4-bound chromatin fragments and immunoprecipitates harboring the muscle-specific enolase promoter's MEF2 site were quantified using primers flanking the MEF2 site in real-time PCR. Primers used for amplifying the MSE promoter's MEF2 region were 5Ј-AACCCTCGATTCTCTTGATTG and 5Ј-AGAGTGGACAGTTGATCCCTT. Primers used for amplifying the myogenin promoter's MEF2 region were 5Ј-AAAAGGCTTGTTCCTGCCACT and 5Ј-ACTGGAAACGTCTTGATGTGCA.
Pyruvate Assay
Pyruvate assay kit (Biovision, Mountain View, CA) was used to measure the concentration of intracellular pyruvate following the manufacturer's protocol. Briefly, cultured C2C12 cells were transfected with either control or HDAC4 siRNAs (60 nM) by using Lipofectamine 2000. Transfected cells were then switched to pyruvate-free differentiation medium (5% horse serum, high glucose DMEM), and 2 d later cells were collected and lysed with 0.5 ml of pyruvate assay buffer. Pyruvate is oxidized by pyruvate oxidase, to generate a fluorogenic product that can be measured at excitation/emission 535/590 nm. Products were measured on a FluroStar OPTIMA 96-well plate reader (BMG Labtech, Chicago, IL). Values were normalized to total protein.
RESULTS
HDAC Activity Contributes to Gene Induction and Repression in Developing Myotubes and Denervated Muscle
We demonstrated previously that HDAC inhibitors sodium butyrate (NaB) or TSA, block muscle differentiation-and denervation-dependent myogenin (Mgn) gene induction . Here, we investigated whether HDAC activity was also necessary for differentiation-and denervation-dependent gene suppression. We chose the 
a CPT-1, carnitine palmitoyltransferase-1; CytoB, cytochrome b; CS, citrate synthase; FBP, fructose 2,6-bisphosphatase; GS, glycogen synthase; GLUT4, glucose transporter 4; PGC-1␣, peroxisome proliferators-activated receptor ␥ coactivator 1␣.
muscle-specific enolase (MSE) gene for this analysis because it is robustly suppressed after muscle denervation (Nozais et al., 1999) . As shown in Figure 1A , inhibition of HDAC activity with NaB resulted in increased MSE mRNA levels in differentiated C2C12 cells and the protein synthesis inhibitor cycloheximide had little effect on this induction. In contrast, NaB suppressed Mgn mRNA levels in C2C12 myotubes, and this repression required new protein synthesis as reported previously . Similar results were obtained with the HDAC inhibitor TSA.
We next investigated whether HDAC inhibition also prevented MSE suppression in denervated TA muscle. For these experiments, we used the sternomastoid muscle because it sits in a bed of tissue that allows one to apply drugs that pool over the muscle and do not readily escape into the surrounding tissue . We chose TSA for these experiments because it is specific for class II HDACs, and it was more potent than NaB in blocking HDAC activity in vivo in preliminary studies. These experiments revealed that HDAC inhibition blocks denervationdependent Mgn induction and MSE suppression ( Figure 1B ).
HDAC4 and HDAC6 Are Induced in Denervated Muscle
The above-mentioned data suggest specific HDACs may be necessary for both denervation-dependent gene induction and suppression. We suspected that the relevant HDACs may themselves be regulated by muscle activity. To identify these candidate deacetylases, we assayed HDAC1-9 mRNA levels in innervated and denervated TA muscle. Interestingly, like Mgn, HDAC4 and HDAC6 mRNA levels increased in 5-and 15-d denervated muscle ( Figure 1C ), whereas HDAC7 and HDAC8 mRNA levels increased transiently at 5 d after denervation, but returned to basal levels at 15 d after denervation ( Figure 1C ). Real-time PCR analysis of denervation-dependent gene expression at early times after muscle denervation showed temporal changes in HDAC4 mRNA levels but not HDAC6 most closely reflects the temporal changes in Mgn and MSE mRNA levels ( Figure 1D ). This time course of denervation-dependent Mgn and HDAC4 gene expression was also reflected in protein levels with HDAC4 induction preceding Mgn induction ( Figure 1E ).
HDAC4 Regulates Genes Involved in Synapse Formation, Glycolytic Metabolism, and Fiber-Type Specification
Although the temporal pattern of HDAC4 gene expression suggests it is a better candidate than HDAC6 in mediating denervation-dependent Mgn gene regulation, they are both induced in denervated muscle and they are both likely to contribute to activity-dependent gene regulation. To determine whether these HDACs are necessary for denervationdependent Mgn gene regulation, we knocked down their expression by using siRNAs. Consistent with the temporal pattern of their expression, HDAC4 but not HDAC6 knockdown in denervated TA muscle dramatically suppressed Mgn mRNA induction (Figure 2 , A and B). As expected, the denervation-dependent increase in nAChR ␣-subunit and MuSK mRNA expression, shown previously to be induced by Mgn , was also blocked after HDAC4 knockdown ( Figure 2C ). We also investigated the effect that HDAC4 knockdown had on the expression of genes involved in muscle contraction and metabolism. Interestingly, HDAC4 knockdown reciprocally regulated the expression of MHC isoforms by blocking denervation-dependent induction of MHC IIa and relieving denervation-dependent suppression of MHC IIb (Figure 2, C and E) . In addition, HDAC4 knockdown relieved suppression of MSE and PFK that normally occurs in denervated TA muscle (Figure 2D , top; and E). Similar results were observed in the denervated slow soleus muscle where denervation-dependent induction of Mgn and MHC IIa mRNAs was suppressed and denervation-dependent suppression of MSE and MHC IIb mRNAs was relieved by HDAC4 knockdown (Figure 2D , bottom). The extremely low expression of MHC IIb mRNA in soleus is consistent with the preponderance of slow-type MHC I and IIa fibers in this muscle. Quantification of the effects of HDAC4 knockdown on a variety of glycolytic, oxidative, and contractile protein encoding mRNAs in TA muscle showed that those involved in glycolysis (PFK and MSE) and muscle contraction (MHC IIa and IIb) were the most influenced, whereas genes related to oxidative metabolism were less influenced ( Figure 2E) .
The above-mentioned data suggest HDAC4 is necessary for both denervation-dependent gene induction and suppression. To determine whether HDAC4 is sufficient for mediating these changes in gene expression in response to muscle denervation, we expressed the mutant HDAC4-3SA in innervated TA muscle. This mutant harbors three mutations, S246A, S467A, and S632A, conferring its resistance to nuclear export (Grozinger and Schreiber, 2000; Wang et al., 2000) . Quantitative real-time PCR revealed ϳ3.5-fold increase in the HDAC4 mRNA level after electroporation of TA muscle with this expression vector ( Figure 2F ). This increased expression of nuclear localized HDAC4 in innervated muscle mimicked the effect of muscle denervation by suppressing MSE and MHC IIb mRNA levels and increasing Mgn mRNA levels ( Figure 2F ).
Because HDAC4 suppresses both MSE and PFK gene expression and because PFK is a rate-limiting enzyme in glycolysis, we investigated whether HDAC4 influences glycolysis. For these experiments, we transfected HDAC4 siRNA into C2C12 differentiated myotubes and measured pyruvate production. After HDAC4 knockdown, intracellular pyruvate increased by ϳ50%, indicating HDAC4 does inhibit glycolysis in muscle cells ( Figure 2G ).
HDAC4 Coordinates the Suppression of Multiple Repressors to Allow for Denervation-dependent Mgn Gene Induction
The Mgn corepressors Dach2 and MITR are induced in innervated muscle and suppressed in denervated muscle Quantitative real-time PCR analysis of the effects of HDAC4 knockdown on the expression of genes involved in glycolytic and oxidative metabolism, and fiber-type specification in denervated TA muscle. Reported is the -fold change relative to the control siRNA electroporated muscle, n ϭ 3. (F) Expression of nuclear localized HDAC4-3SA in innervated TA muscle represses MSE and MHC IIb mRNA levels and induces Mgn mRNA levels. Adult innervated TA muscle was electroporated with an HDAC4-3SA expression vector or an empty expression vector (control) and 12 d later the TA muscle was isolated for RNA analysis by real-time PCR. (G) HDAC4 knockdown in C2C12 muscle cells increases pyruvate production. Error bars are SDs, n ϭ 6. In all studies using real-time PCR, gene expression values were normalized to ␥-actin expression. FBP, fructose 2,6 bisphosphatase; GLUT4, glucose transporter 4; PGC-1␣, peroxisome proliferators-activated receptor␥ coactivator 1␣; CPT-1, carnitine palmitoyltransferase-1; CytoB, cytochrome b; CS, citrate synthase. (Méjat et al., 2005; . To test whether HDAC4 contributes to this regulation, we expressed HDAC4-3SA in innervated TA muscle ( Figure 3A ) and knocked down HDAC4 in denervated TA muscle ( Figure  3B ). Consistent with the idea that HDAC4 contributes to denervation-dependent Dach2 and MITR gene repression, we found HDAC4-3SA suppressed the expression of both of these corepressors in innervated muscle and HDAC4 knockdown partially relieved their suppression in denervated muscle.
Because HDAC4 expression is necessary for denervationdependent Mgn gene induction and knockdown of HDAC4 in denervated muscle returned it to a more innervated pattern of gene expression (Figure 2 ), we investigated whether the effect of HDAC4 knockdown on Mgn gene expression is due to increased Dach2 and MITR expression. For this, we evaluated Mgn mRNA levels in HDAC4-siRNA electroporated denervated TA muscle from wild-type mice, Dach2 Ϫ/Ϫ mice (Davis et al., 2006) , and Dach2 Ϫ/Ϫ mice that also had MITR levels reduced by RNA interference ( Figure 3C ). Consistent with the idea that HDAC4 mediates its effects on Mgn gene expression by suppressing both Dach2 and MITR expression, we found that HDAC4-knockdown in Dach2 null animals partially relieved Mgn suppression, whereas the addition of MITR knockdown (ϳ65% knockdown) in Dach2 null animals abrogated Mgn suppression more dramatically ( Figure 3C ). Therefore, HDAC4 seems to coordinately suppress Dach2 and MITR expression after muscle denervation, and suppression of both these genes is required for robust denervation-dependent Mgn gene induction. (Figure 2, D and E) , and we suspected this may result by recruitment of HDAC4 to MEF2 sites residing in glycolytic enzyme gene promoters (McKinsey et al., 2002) . To investigate this, we focused our analysis on the MSE promoter because it is robustly regulated in an HDAC4-dependent manner. As expected, expression of nuclear localized HDAC4-3SA suppressed MSE promoter activity in transfected C2C12 cells ( Figure 4A ). Conversely, knockdown of endogenous HDAC4 expression resulted in a dramatic induction of MSE promoter activity ( Figure 4B ). This regulated expression required a putative MEF2 binding site (TATTTTTA) at position Ϫ113 (relative to the initiator ATG), because when mutated no induction was observed ( Figure  4B ). Consistent with these studies, MEF2 expressed in 293 cells specifically bound an oligonucleotide harboring the MSE promoter's putative MEF2 element ( Figure 4C ).
HDAC4 Directly Suppresses MSE Gene Expression HDAC4 represses genes involved in glycolytic metabolism
We also examined whether HDAC4 is recruited to the MSE promoter's MEF2 site in vivo. For this analysis, we performed an in vivo ChIP assay by using an anti-HDAC4 or anti-myc antibody to immunoprecipitate sheared chromatin from either normal denervated TA muscle or denervated TA muscle overexpressing myc-HDAC4, respectively. Interestingly, quantitative real-time PCR of immunoprecipitated DNA by using primers flanking the MEF2 site of either the MSE or the Mgn promoter showed that HDAC4 is preferentially associated with the MSE promoter's MEF2 site ( Figure 4D ). We were unable to detect HDAC4 at the Mgn promoter's MEF2 site.
HDAC4 Is Enriched in Oxidative Skeletal Muscle Fibers and Nuclear Import Is Stimulated by Muscle Denervation
We next analyzed HDAC4 expression in innervated TA muscle that contains predominantly type II fibers (99%) that can be further subdivided into a mixture of small oxidative fibers and larger glycolytic fibers (Gorza, 1990) . Interestingly, immunohistochemistry revealed a mosaic pattern of HDAC4 expression, with small oxidative fibers tending to have more intense staining than the relatively larger glycolytic fibers ( Figure 5A ). We confirmed that HDAC4 expres- sion was enriched in oxidative fibers by colocalizing HDAC4 with the oxidative fiber-specific mitochondrial markers SDH and cytochrome c oxidase subunit 1 (COX1) ( Figure 5, A and  B) . We also found that HDAC4 was present at NMJs by colocalization of HDAC4 immunoreactivity with ␣-bungarotoxin (BTX) staining (Figure 5, C and D) . HDAC4 staining in extrasynaptic regions of the muscle fiber is consistent with its colocalization with mitochondria ( Figure 5 , B and C) that are enriched in the I-band region of muscle fibers (Ogata and Yamasaki, 1985) .
To investigate whether HDAC4 is enriched in denervated muscle myonuclei, we triply stained denervated TA muscle cross-sections for laminin, HDAC4, and nuclei ( Figure 6A ). This analysis clearly demonstrated nuclear HDAC4 immunoreactivity within the confines of the muscle fibers basal lamina (pink nuclei in merged image). Under high magnification, we quantified the distribution and intensity of HDAC4 staining ( Figure 6B ). In innervated muscle, HDAC4 staining was higher in oxidative fibers compared with glycolytic fibers. Within oxidative fibers, HDAC4 was found in the cytoplasm and could be faintly detected in ϳ35% of the myonuclei. In denervated muscle, cytoplasmic staining remained relatively constant, but we now observed pronounced HDAC4 nuclear accumulation in both oxidative and glycolytic fibers ( Figure 6B ). Consistent with the abovementioned results, Western blot analysis showed nuclear enrichment of HDAC4 in cultured primary myotubes treated with sodium channel blocker tetrodotoxin (TTX) compared with cells that were allowed to spontaneously contract in the absence of TTX ( Figure 6C ). In addition, we observed TTX-dependent nuclear import of GFP-tagged HDAC4, but not GFP-tagged HDAC6 or GFP ( Figure 6D ). Therefore, muscle activity stimulates HDAC4 nuclear export.
A Positive HDAC4/Mgn Feedback Loop Coordinates and Maintains Gene Expression Changes in Denervated Muscle
HDAC4 is induced in denervated muscle, and this induction is necessary for denervation-dependent changes in gene ex- luciferase expression vector, and a CMV:␤-gal expression vector that was used for normalization. Cells were differentiated in low serum, and 48 h later they were harvested for luciferase and ␤-gal assays. Reported MSE promoter activity is luciferase activity normalized to ␤-gal activity. Error bars are standard deviations, n ϭ 3. (B) The MSE promoter's MEF2 site is required for HDAC4-dependent regulation. C2C12 cells were transfected with wild-type or a MEF2 mutant MSE:luciferase expression vector along with either a control or HDAC4-targeting siRNA and a normalizing CMV:␤-gal vector as described above. Samples were analyzed as described in A. (C) Autoradiogram showing that overexpression of MEF2 in HEK293 cells increases binding to the MSE promoter's MEF2 element. HEK293 cells were transfected with increasing amounts of CMV: MEF2 or an empty vector (Ϫ) and 48 h later they were harvested and nuclear extracts were prepared. Nuclear extracts with (ϩ) and without (Ϫ) overexpressed MEF2 were incubated with a radiolabeled oligonucleotide containing the MSE promoter's MEF2 site in the absence (Ϫ) or presence (ϩ) of a 50-fold excess of unlabeled MEF2 oligonucleotide (competitor). Samples were resolved on a native polyacrylamide gel that was then dried and exposed to x-ray film. Shown is a representative autoradiogram. (D) ChIP assay shows that after muscle denervation HDAC4 or overexpressed myc-HDAC4 binds to the MSE promoter's MEF2 site but not the Mgn promoter's MEF2 site. Samples were either 5-d denervated TA muscle or 5-d denervated TA muscle that was electroporated with a myc-HDAC4 expression vector 12 d before denervation. Real-time PCR with primers flanking either the Mgn or MSE promoter's MEF2 site was used to quantify the amount of immunoprecipitated DNA. pression (Figures 1 and 2) . The molecular mechanisms mediating HDAC4 induction in denervated muscle have not been investigated. A previous study suggested that the HDAC4 promoter harbors GC-rich regulatory elements that bind Sp proteins and that mithramycin treatment of cultured cells, which impedes Sp protein binding to GC-rich sequences (Nehls et al., 1993) , down-regulates HDAC4 gene expression (Liu et al., 2006) . Therefore, we investigated whether mithramycin affected denervation-dependent induction of HDAC4 in vivo. For these experiments, we bathed innervated and denervated sternomastoid muscle in 100 M mithramycin for 12 h, and we found mithramycin suppressed HDAC4 and Mgn gene expression in innervated but not denervated muscle ( Figure 7A ). Therefore, GC-binding proteins seem to play a role in maintaining the basal expression of HDAC4 and Mgn genes in innervated muscle, but they are not required for maintaining high levels of expression in denervated muscle.
Because E-box sequences (CANNTG) are known to mediate denervation-dependent induction of nAChR and MuSK promoters via their interaction with Mgn (Tang et al., 2004 , we looked for similar elements residing in the HDAC4 promoter. Indeed, three E-boxes (Ϫ572, Ϫ924, and Ϫ1383 relative to the translation initiation codon) were found upstream of the HDAC4 coding sequence. Interestingly, these E-boxes conform to the CACCTG or CACGTG sequences that seem to be required for denervation-dependent activation of human, rat, mouse, and chicken nAChR and MuSK promoters , suggesting that Mgn may also mediate denervation-dependent HDAC4 gene induction. Indeed, we found Mgn overexpression in C2C12 cells increased HDAC4 promoter activity ( Figure 7B ) and that shRNA-mediated Mgn knockdown reduced HDAC4 promoter activity ( Figure 7C) .
The above-mentioned data suggest Mgn activates the HDAC4 promoter; therefore, we investigated whether Mgn induction after muscle denervation influences HDAC4 gene expression. For this analysis, we measured endogenous HDAC4 mRNA before and after siRNA-mediated Mgn knockdown in denervated TA muscle. Interestingly, Mgn knockdown blocked denervation-dependent HDAC4 gene induction ( Figure 7D ). As shown in Figure 7E , similar results were obtained when we assayed denervation-dependent HDAC4 induction in conditional Mgn null mice in which the Mgn gene was deleted in adult muscle (Knapp et al., 2006) . These data suggest that Mgn, via its effect on HDAC4 expression, may also be necessary for denervation-dependent suppression of MSE, PFK, and MHCIIb gene expression. To test this idea, we used Mgn null mice and compared denervation-dependent regulation of MSE, PFK, and MHCIIb mRNA expression with that found in normal mice ( Figure  7F ). Consistent with the idea that Mgn and HDAC4 regulate each others expression, denervation-dependent suppression of MSE, PFK, and MHCIIb mRNAs was impaired in the absence of Mgn ( Figure 7F ). Thus, Mgn positively regulates HDAC4 expression and HDAC4 induction negatively regulates its target genes.
DISCUSSION
Nerve-muscle communication influences muscle structure and function via regulated gene expression. Loss of nerve activity by injury or disease impacts the expression of genes involved in synapse formation, metabolism, and muscle fiber-type specification (Buonanno et al., 1998) . The ability of muscle cells to regulate the expression of these genes in response to muscle activity allows them to adapt to the changing demands of their environment. A major goal of muscle biologists is to understand the mechanisms coupling muscle activity to muscle phenotype. The data described herein identify an HDAC4/Mgn positive feedback loop that coordinates the opposing patterns of muscle gene expression in response to denervation.
HDAC4 Coordinates Gene Induction and Suppression after Muscle Denervation
Although muscle denervation is known to cause activation and suppression of gene expression (Buonanno et al., 1998) , the molecular mechanisms underlying this regulation have remained elusive. We found that HDAC4 is necessary for both denervation-dependent gene induction and suppression ( Figure 2 ). HDAC4 nuclear localization is regulated by calcium and calcium-regulated protein kinases (McKinsey et al., 2002; Liu et al., 2005) and denervation-dependent accumulation of HDAC4 in the nucleus seems to initiate changes in gene expression (McKinsey et al., 2002) . We demonstrated that HDAC4 contributes indirectly to Mgn induction by coordinately inhibiting the expression of the Mgn gene core- and Mgn mRNA expression in innervated (Inn) but not denervated (Den) sternomastoid muscle. Inn and Den sternomastoid muscle was bathed in mithramycin (100 mM) or vehicle (Ϫ), in vivo, for 12 h before harvesting tissue for assaying HDAC4, Mgn, and ␥-actin mRNA levels by using real-time PCR. HDAC4 and Mgn RNA levels are normalized to ␥-actin RNA levels. Experiments were performed as described in the legend of Figure 1B and in Materials and Methods. (B) Mgn overexpression induces HDAC4 promoter activity in C2C12 myotubes. C2C12 myotubes were transfected with an HDAC4: luciferase and CMV:␤-gal expression vector, ϩ/Ϫ a CMV:Mgn expression vector. Forty-eight hours later, cells were harvested for luciferase and ␤-gal activities. Reported HDAC4 promoter activity is luciferase activity normalized to ␤-gal activity. (C) Mgn knockdown reduces HDAC4 promoter activity in C2C12 myotubes. C2C12 myotubes were transfected with an HDAC4:luciferase and CMV:␤-gal expression vector, ϩ/Ϫ a U6:MgnshRNA expression vector for knocking down Mgn expression. Fortyeight hours later, cells were harvested for luciferase and ␤-gal activities. Reported HDAC4 promoter activity is luciferase activity normalized to ␤-gal activity. (D) Mgn knockdown in denervated TA muscle blocks denervation-dependent induction of HDAC4. Innervated TA muscle was electroporated with control or Mgn-targeting siRNAs; and 12 d later, muscles either remained innervated (Inn) or were denervated for 5 d (Den) before harvesting electroporated muscle fibers for analysis of mRNA expression. Two different Mgn-targeting siRNAs were used in this experiment, and radioactive PCR was used to visualize Mgn, HDAC4 and ␥-actin mRNA levels. (E) Conditional deletion of the Mgn gene in adult mice blocks denervation-dependent induction of HDAC4 mRNA. Adult mice harboring a conditionally expressed Mgn gene were either treated with tamoxifen (Mgn Ϫ/Ϫ ) or remained untreated (Wt). The left hindlimb muscles were denervated for 5 d, whereas the right hindlimb remained innervated. Five days after denervation, innervated and denervated TA muscles were isolated and Mgn, HDAC4, and ␥-actin mRNA levels were assayed by real-time PCR. Mgn and HDAC4 mRNA levels were normalized to ␥-actin mRNA. -Fold difference from innervated RNA level is reported. (F) Denervation-dependent suppression of PFK, MSE, and MHC IIb mRNA levels are abrogated in mice where the Mgn gene is deleted in adult animals. Experimental protocol was as described in E. Error bars are SDs, n ϭ 3.
pressors Dach2 and MITR (Figure 3) . HDAC4 contributes to gene suppression via its interaction with MEF2 transcription factors (Lu et al., 2000; Miska et al., 1999) , and we identified putative MEF2 elements ϳ980 base pairs upstream of the Dach2 coding sequence and 742 base pairs, 1568 base pairs, 2558 base pairs, and 2771 base pairs upstream of the MITR coding sequence. We also found HDAC4 inhibits MSE, PFK, and MHC IIb gene expression. Consistent with the idea that HDAC4 mediates inhibition by interaction with MEF2, we found HDAC4 is recruited to the MSE promoter's MEF2 site. The MHC IIb and PFK promoters also harbor MEF2 sites at positions Ϫ172 and Ϫ1780 relative to the translation initiation codon, respectively, which likely serve as HDAC4 docking sites.
Our observation that HDAC4 is recruited to the MSE, but not the Mgn promoter's MEF2 site is intriguing and may suggest that HDAC4 recruitment to MEF2 sites is context dependent. Whether the MEF2 site and flanking sequence or the constellation of transcription factors and cofactors that bind these promoters affect HDAC4 recruitment is not currently known.
Subcellular Localization of HDAC4 in Innervated and Denervated Muscle
We observed enrichment of HDAC4 in small oxidative fibers of innervated TA muscle that is composed predominantly of fast oxidative and glycolytic fiber types ( Figure 5 ). Because HDAC4 can suppress glycolytic enzyme gene expression and induce Mgn expression (Figure 2 ) and because Mgn expression is highest in oxidative fibers (Hughes et al., 1993) and can increase the expression of oxidative enzymes (Hughes et al., 1999; Ekmark et al., 2003) , it seems reasonable to propose that HDAC4-regulated gene expression contributes to the oxidative phenotype of innervated fast muscle fibers.
After muscle denervation, HDAC4 is enriched in nuclei of both fast oxidative and glycolytic fibers (Figure 6 ). Muscle denervation is also accompanied by an inhibition of glycolytic enzyme expression (Gundersen et al., 1988) , and we showed that this is mediated by an HDAC4-dependent mechanism (Figure 2 ). Although Mgn is reported to increase expression of oxidative enzymes in innervated muscle, we did not find HDAC4/Mgn-dependent induction of oxidative enzymes in denervated muscle. This is consistent with previous reports showing muscle denervation is not correlated with increased oxidative metabolism (Gundersen et al., 1988) and may suggest Mgn differentially regulates oxidative enzyme gene expression in innervated and denervated muscle.
In addition to its nuclear localization, we found HDAC4 concentrated beneath the sarcolemma and also at the NMJ ( Figure 5 ). Interestingly, mitochondria are found in both these regions (Ogata and Yamasaki, 1985; Perkins et al., 2001) and colocalize with HDAC4 ( Figure 5 ). We suspect that mitochondria, or other cellular components distributed in a similar manner as mitochondria, serve as docking sites for HDAC4 and function either to sequester HDAC4 from nuclear entry and/or provide novel substrates for HDAC4-dependent modification. Of relevance, HDAC7 has also been found to localize to mitochondria (Bakin and Jung, 2004) . More interestingly, HDAC4 interacts with the sarcolemma Z-disk-associated muscle LIM protein (MLP) in cardiac sarcomeres and impacts muscle contractile activity (Gupta et al., 2008) . Whether MLP also associates with HDAC4 in skeletal muscle is not known. These unexpected findings suggest that HDAC4 localizes to the cytoplasm not just simply as a passive regulatory mechanism but may indicate that novel regulatory mechanisms remain to be elucidated.
An HDAC4/Mgn Positive Feedback Loop Coordinates and Maintains Denervation-dependent Transcriptional Programs
Our results reveal a novel positive feedback loop coordinating the induction and repression of genes after muscle denervation (Figure 8 ). We found that in denervated muscle HDAC4 expression is necessary for Mgn gene induction and that Mgn induction is necessary for increased HDAC4 gene expression (Figures 2 and 7 ). This signaling loop seems to be initiated upon muscle denervation by reduced intracellular calcium levels that stimulate nuclear retention of HDAC4. Increased nuclear levels of HDAC4 repress expression of the Mgn transcriptional repressors Dach2 and MITR. Relief of Mgn transcriptional repression, along with activating factors, results in increased Mgn levels that can then stimulate transcription of the HDAC4 gene.
We have shown that the HDAC4/Mgn regulatory loop is capable of coordinating gene induction and suppression in denervated muscle. Muscle fibers are defined by the type of MHC protein expressed and their unique program of gene expression. In rodents, slow muscle fibers express MHC I and are rich in oxidative metabolism, whereas fast muscle fibers express a variety of MHC II isoforms (IIa, IIx, and IIb) to various extents. At one extreme, MHC IIa fibers are more like slow muscle in that they are rich in oxidative enzymes and exhibit a high resistance to fatigue; at the other extreme are MHC IIb fibers that have high glycolytic metabolism and fatigue easily. Endurance training will often result in a shift of fiber type to the more fatigue-resistant MHC I and MHC IIa type fibers. Similarly denervation of fast muscle is often accompanied by a shift to the more fatigue resistant type IIa phenotype (Gundersen et al., 1988) . It seems that the HDAC4/Mgn signaling pathway contributes to this shift in muscle phenotype by suppressing expression of the fast MHC IIb contractile protein along with a variety of glycolytic enzymes and inducing expression of the more fatigueresistant MHC IIa contractile protein (Figure 2) . Because HDAC4 nuclear localization is regulated by muscle activity and calcium levels (Liu et al., 2005) , it is uniquely poised to respond to the changing demands put on muscle. In this respect, it is similar to the calcineurin/nuclear factor of activated T cells (NFAT) signaling complex that seems to drive expression of genes that are involved in determining a slow fiber phenotype (Chin et al., 1998) . In this case, calcineurin responds to increased muscle calcium by dephosphorylating cytoplasmic NFAT, inducing its nuclear translocation where it can act on genes involved in determining the slow fiber phenotype. Thus, these data suggest that the HDAC4/Mgn signaling pathway, along with the calcineurin/NFAT pathway, represent master controls of muscle phenotype in response to the changing demands put on muscle by neural input.
